Abstract: Members of the LC3/GABARAP family of ubiquitin-like proteins function during autophagy by serving as membrane linked protein-binding platforms. Their C-termini are physically attached to membranes through covalent linkage to primary amines on lipids such as phosphatidylethanolamine, while their ubiquitin-like fold domains bind "LIR" (LC3-Interacting Region) sequences found within an extraordinarily diverse array of proteins including regulators of autophagy, adaptors that recruit ubiquitinated cargoes to be degraded, and even proteins controlling processes at membranes that are not associated with autophagy. Recently, LC3/GABARAP proteins were found to bind the ubiquitin E3 ligase NEDD4 to influence ubiquitination associated with autophagy in human cell lines. Here, we use purified recombinant proteins to define LC3B interactions with a specific LIR sequence from NEDD4, present a crystal structure showing atomic details of the interaction, and show that LC3B-binding can steer intrinsic NEDD4 E3 ligase activity. The data provide detailed molecular insights underlying recruitment of an E3 ubiquitin ligase to phagophores during autophagy.
Introduction
A major mechanism controlling homeostasis is autophagy, whereby segments of cytosol are sequestered within a double membrane autophagosome and ultimately degraded after autophagosome-lysosome fusion. [1] [2] [3] "Macroautophagy" is widely recognized as an adaptive mechanism that responds to metabolic stresses such as starvation by degrading portions of the cytosol to generate needed nutrition, whereas "selective autophagy" mediates the degradation of large assemblies such as pathogenic microorganisms, protein aggregates, damaged or unwanted organelles or spent nanomachines such as proteasomes or ribosomes. [4] [5] [6] [7] Many facets of autophagy are regulated by covalent linkage of ubiquitin-like proteins in the LC3/ GABARAP family (hereafter, collectively termed LC3) to phosphatidylethanolamine via an ubiquitinlike E1-E2-E3 conjugation cascade. [8] [9] [10] [11] A dazzling assortment of functions arise from LC3 recruiting numerous different proteins harboring "LC3 Interacting Regions" (LIRs, featured by the consensus motif [W/F/Y]xx[L/I/V]) to membranes. [12] [13] [14] LC3-dependent interactions have been implicated in autophagosome biogenesis, recruiting cargoes for degradation, and degradation of the inner autophagosomal membrane, 15, 16 although some roles may be context-dependent, non-essential, and/or can be compensated by alternative mechanisms. [16] [17] [18] An emerging concept is that regulation of autophagy intersects that of the other major eukaryotic degradation pathway, the ubiquitin-proteasome system. 19, 20 Much like polyubiquitination targets proteins for proteasomal degradation, ubiquitin also directs cargoes to receptors associated with autophagosomes. Autophagy receptors are linked to autophagosomes by their LIR sequences binding to LC3, and recruit ubiquitinated cargoes via an ubiquitin-binding domain. 13 Indeed, many E3 ubiquitin ligases mark cargoes for degradation by autophagy. For example, the E3 Parkin coats damaged mitochondria with ubiquitin chains to direct mitophagy. [21] [22] [23] [24] Moreover, NEDD4-family E3s preferentially generate Lys63-linked polyubiquitin chains that are associated with promoting selective autophagy. 25 The yeast NEDD4-family E3, Rsp5, regulates ribophagy, mitophagy, and degradation of polyQ aggregates, [26] [27] [28] while suppressing expression of the human E3 NEDD4 inhibited autophagy in cell lines. 29 Interestingly, an autophagy-system proteomic study previously identified NEDD4 as binding to the LC3/ GABARAP family of ubiquitin-like proteins. 30 For LC3B, this interaction was recently shown to involve a specific "LIR2" motif from NEDD4, and expression of a mutant NEDD4 harboring substitutions in this LIR2 impaired autophagy. 31 To visualize these interactions and gain insights into potential biochemical roles, we determined the crystal structure of a complex representing LC3B bound to the LIR2 motif from NEDD4, and we analyzed effects of these interactions on intrinsic ubiquitination activity of NEDD4.
Results and Discussion
In vitro reconstitution of specific NEDD4 LIR binding to LC3B
To investigate molecular mechanisms by which the HECT-family E3 ligase NEDD4 is recruited to LC3B, we qualitatively examined interaction between a near full-length form of NEDD4
DC2
, which retains all elements shown previously to be required to coimmunoprecipitate LC3 from human cell lines. 31 An electrophoretic mobility shift assay confirmed interaction between recombinant wild-type (WT) LC3B and NEDD4
, based on disappearance of the bands for the individual proteins and appearance of an intermediate migrating band [ Fig. 1(A,B) ]. Conversely, an LC3B mutant defective in LIR binding (Phe52Ala Leu53Ala) 32 was defective for binding NEDD4
. NEDD4 is a multidomain protein, which contains a C2 domain, four WW domains, and a catalytic HECT domain separated by linkers [ Fig. 1(A) ]. Despite four sequence stretches resembling putative LIR motifs [ Fig. 1(A) ], deletion mutant versions of NEDD4 expressed in human cell lines showed that a mutant starting after LIR1 retained LC3 binding, whereas deleting LIR2 abolished the interaction. 31 Furthermore, mutating LIR2 residues eliminated binding between NEDD4 DC2 and LC3B in human cell lines. 31 However, these experiments did not rule out roles of other potential NEDD4 LIR sequences in the absence of cellular components that could mask their accessibility. Thus, we sought to investigate NEDD4 LIR-LC3B interactions using a purified system. Although the potential C-terminal LIR sequences are embedded in well-folded segments of the HECT domain and would not be exposed for binding, the first two potential LIRs localize between well-characterized domains, with "LIR1" between the C2 and 1st WW domain (WW1), and "LIR2" between the first and second WW domains [ Fig , mutation of the consensus tryptophan (Trp172) in LIR1 had no effect on the interaction [ Fig. 1(D) ]. This result parallels the effect of deleting this NEDD4 region in cells, 31 but was unexpected for the recombinant protein because LIR1 is not in a recognized domain and our expression system lacks endogenous binding partners or modifications that could potentially mask the motif. Thus, the observed inaccessibility suggests that the socalled "LIR1" motif is either a folded extension to the WW1 or other domain, or is an element of a presently unknown domain. Future structural studies will be required to determine the precise mechanisms burying "LIR1" in the context of the full-length NEDD4, or whether this potential LIR is ever exposed in some forms of autophagy. Importantly, mutating LIR2 Trp266 abolished NEDD4 DC2 binding to LC3B [ Fig. 1(D) ], confirming its relevance and important role, and demonstrating that our recombinant proteins recapitulate the key features of the LC3B-NEDD4 interactions identified in human cells. 31 Accordingly, LIR2 is hereafter referred to as the NEDD4 LIR. 
Structure of NEDD4 LIR bound to LC3B
To uncover the molecular basis of the interaction, we determined the crystal structure of an LC3B-NED-D4 LIR complex at 2.1Å using the previously described LIR-LC3B fusion approach [ Fig. 1(E Interestingly, the interaction is further buttressed by central residues in the consensus WxxI motif, which vary amongst LIRs. NEDD4's Glu267 forms a salt-bridge with LC3B's Arg70 and contributes to a charged cluster with LC3B's Asp48 and Lys49. On the opposite side of the LIR b-strand, NEDD4's Ile268 nestles in a hydrophobic pocket from LC3B's His27, Leu53, and the aliphatic portion of Lys30 [ Fig. 1(G) ]. Although some other LIR sequences display an acidic residue following the consensus aromatic, this arrangement is strikingly different from another LIR motif, the WVEL sequence from NIX (4WAA.PDB). Comparing LC3B complexes with the NEDD4 and NIX LIRs highlights how the same regions of LC3B contact diverse sequences from different interacting partners [ Fig. 1(H) ].
Effects of LC3B binding on intrinsic NEDD4 ubiquitination activities
A previous study comparing ubiquitination activity of NEDD4 variants immunoprecipitated from human cells showed that the LIR mutant impairs formation of ubiquitin conjugates, and expression of the LIR mutant reduced cellular ubiquitination of the autophagy receptor SQSTM1/p62. 31 Thus, LC3B is thought to activate ubiquitination activity of NEDD4 expressed in human cells. 31 To ascertain whether LC3B-binding affects intrinsic ubiquitination activity of NEDD4 in the absence of cellular components, we used our recombinant proteins and examined effects of adding LC3B to assays monitoring ubiquitination of a fluorescentlylabeled NEDD4 substrate (WBP2) and observed no effect [ Fig. 2(A) ]. We also examined intrinsic activity by monitoring NEDD4 autoubiquitination, by switching the fluorescent label to the N-terminus of ubiquitin. This allows observing primary ubiquitination rather than chain formation, but showed no obvious effect of LC3B on autoubiquitination of NEDD4 or 
NEDD4
DC2 [ Fig. 2(B) ]. Because LC3B did not overtly activate NEDD4 in vitro, our results might suggest that in cells, binding to LC3B may serve to localize NEDD4 adjacent to specific substrates and thereby increase their ubiquitination. Interestingly, we did observe ubiquitination of LC3B itself that was abolished on mutation of LIR motifs [ Fig. 2(B,C) ]. Although future studies will be required to determine if NEDD4 mediates ubiquitination of LC3B in certain cellular pathways, the results demonstrate that LC3B-binding can steer NEDD4 targeting. In the context of autophagy, recruitment to LC3B would position NEDD4 to ubiquitinate autophagy receptors as has been observed in cells, 31 and potentially several other proteins in the system [ Fig.  2(D) ]. Even if only a small fraction of cellular LC3 is ubiquitinated, this could greatly influence its regulatory activities, for example by binding both the LIR and ubiquitin-binding domains of autophagy receptors and squelching their interactions with cargoes. It is also possible that LC3 recruitment provides a means for NEDD4 to ubiquitinate substrates for ensuring their degradation through local anchoring to autophagy receptors, or to further ubiquitinate autophagy cargoes to provide a feed-forward mechanism driving their autophagosomal degradation, analogous to the Parkin E3 pathway regulating mitophagy. 37 Combined with published data showing that NEDD4-family E3s play important roles in autophagy, 31 our structural and functional data herein provide impetus for future studies to dissect the biological roles of NEDD4 binding to LC3.
Materials and Methods

Protein expression and purification
PCR products encoding NEDD4-LIR (residues 260-269) fused to LC3B (residues 2-119) were inserted into the BamHI and NotI sites of pGEX4T3 modified with a site for HRV3C protease. Protein was expressed in BL21-CodonPlus (DE3)-RIL cells (Agilent) and purified by glutathione affinity (GS4B, GE Healthcare), anion exchange (HiTrap Q, GE Healthcare) and gel filtration (Superdex 75, GE Healthcare) chromatography. NEDD4 (wild type and mutants) used for binding studies, UBCH5B, UBA1, ubiquitin (Ub) and substrates were expressed, purified, and fluorescently labeled as described previously. 38 Nondenaturing gel mobility shift assay 
Fluorescence polarization assay
Proteins were mixed in 20 mM HEPES pH7.5, 150 mM NaCl and 0.4 mg/mL BSA, transferred into a 384-well plate, and incubated at 48C for 2 h before measuring fluorescence polarization at 293 K using a CLARIOstar Microplate Reader system (BMG LABTECH). Excitation and emission wavelenths were 485 nm and 522 nm, respectively. For FAM-NEDD4 LIR1 and LIR2 binding to GST-LC3B, each well contained 1 mM FAM-NEDD4 LIR peptide and a series concentration of GST-LC3B (0-18 mM) with a final volume of 25 mL. For FAM-LC3B binding to NEDD4
DC2
, each well contained 0.4 mM FAM-LC3B and a series concentration of NEDD4 DC2 (0-16 mM) with a final volume of 25 mL.
Each titration was replicated three times.
Crystallization and structure determination
Crystals were grown by hanging drop vapor diffusion in 1.2 M ammonium sulfate, 0.1M sodium acetate (pH 5.0) in 48C, cryoprotected by adding 25% glycerol to the mother liquor, prior to flash-freezing in liquid nitrogen and data collection at APS 22-ID. Diffraction data were processed using XDS and Aimless. 39,40 PHASER 41 was used to implement molecular replacement, searching two copies of LC3B (3VTU.PDB) per asymmetric unit. The NEDD4 LIR2 peptide was built manually and the model was subjected to multiple rounds of refinement and rebuilding using Phenix and COOT (Table I) . 42.43 
Biochemical assays
Ubiquitination assays were performed at room temperature in 50 mM HEPES 7.5, 250 mM NaCl, 10 mM MgCl 2 , 7.5 mM ATP, 50 mg/mL BSA, 50 nM E1, 500 nM UBCH5B, 600 nM NEDD4 full-length/ DC2/DC2 mutants. 
